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Solvothermal reactions of two ligands with different geometries, derived from cyclotriphosphazene,
hexakis(4-carboxylato-phenoxy)cyclotriphosphazene (H6L1) and hexakis(3-carboxylato-phenoxy)cyclotri-
phosphazene (H6L2) with Eu(NO3)3?6H2O in H2O/DMF under similar synthesis conditions produced three
new compounds, namely, {[Eu2(L1)(H2O)4]?(H2O)4?(DMA)2}n (1), {[Eu2(L1)(H2O)8]?(H2O)2?DMA}n (2), and
{[Eu2(L2)(H2O)3(DMF)]?(H2O)2?(DMA)}n (3). Compounds 1 and 2 display a 2D layer crystal structure with a
distinct topological network incorporating the extended hexa-carboxylate ligand L1; in contrast, 3 has a
1D crystal structure with the highly distorted hexa-carboxylate ligand L2. In these three compounds, the
ligands L1 and L2 are fully deprotonated, whose six extended carboxyl arms connect six different/same
metallic nodes to generate metal–organic frameworks. The luminescence properties of three compounds
have been studied at room temperature in relative detail.
Introduction
The design and synthesis of novel coordination polymers (CPs)
with desired structures and properties has been currently
attracting great interest due to their potential application in
gas storage, catalysis, magnetism, fluorescence, and so on.1–3
Generally, the topological architectures of the porous CPs
could be effectively controlled by the reasonable design and
choice of the organic linkers and coordination geometries of
the metallic nodes under controllable synthesis conditions.4,5
In addition, to construct CPs with the high stability essential
for all applications is very tough.6 Comparably, utilizing
highly-connected ligands to construct stable architectures
has been verified as an effective way to solve this problem.
So far, a number of highly-stable CPs based on rigid
carboxylates and versatile metallic nodes have been widely
reported, but these use carboxylate ligands that have limited
flexibility.7 Recently, the construction of CPs based on flexible
carboxylic ligands has become a flourishing field.8 Although
with fluctuating coordination modes, they will still bring more
opportunities for structural diversity with their flexible
capabilities to meet the coordination requirements of metallic
nodes.9,10
Furthermore, investigations on the design and synthesis of
lanthanide-based CPs has attracted significant attention over
the past two decades,11 and these have become excellent
candidates as novel functional materials with specified
structures and properties.12 Generally, in terms of the optical
properties, lanthanide ions are distinct from common transi-
tional metal ions because of their narrow absorption or
emission wavelength ranges but with high quantum yields.
Besides, versatile and stable lanthanide-based CPs could be
assembled due to the flexible coordination geometry and high
coordination number of the lanthanide ions compared to
transitional metal ones.13
The corresponding topic of derivatives based on cyclotri-
phosphazene, known as a famous inorganic scaffold, has been
growing as an active field in functional materials over the past
ten years; it is mostly related with supramolecular chemistry,
but very rarely with CPs.14–16 Recently, our group has utilized
the flexible hexa-carboxylate ligand, hexakis(4-carboxylato-
phenoxy)cyclotriphosphazene (H6L1), in constructing novel
CPs with transitional metal ions.15f As observed from these
CPs, the flexible ligand truly exhibits multiple connection
modes and variable conformations due to the six twisted
carboxylate arms around the central heterocyclic ring.
However, despite the excellent advantages of H6L1 exhibited
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in forming novel coordination motifs, little attention had been
paid to the topic of CPs assembled by the connection of
versatile lanthanide ions and the excellent hexa-carboxylate
ligand.15,16 According to the previous research results,
combination of the highly-connected hexa-carboxylate ligand
and the large sized lanthanide ions would be very facile to
construct stable structures along with variable luminescent
properties. To explore the effect of the geometry of the ligand
on the structure of the CP, a new ligand, hexakis(3-carboxylato-
phenoxy)cyclotriphosphazene (H6L2), was also utilized in
synthesizing novel CPs with lanthanide ions. Compared to
the connection sites and flexibility of H6L1, to some extent,
H6L2 would adopt much more variable conformations because
of the additional rotation of the 3-carboxyphenol, as illustrated
in Scheme 1. Therefore, it is very interesting to question
whether distinct lanthanide-based CPs with variable lumines-
cent properties could be assembled by utilizing these similarly
flexible ligands. Herein, we reported the synthesis and
characterization of three novel CPs assembled from hexa-
carboxylate linkers and Eu(III) ions in similar reactant ratios
and solvent systems, namely, {[Eu2((4-C7H4O3)6P3N3) (H2O)4]?
(H2O)4?(C2H7N)2}n (1), and {[Eu2((4-C7H4O3)6P3N3)(H2O)8]?
(H2O)2?C2H7N}n (2) and {[Eu2((3-C7H4O3)6P3N3)(H2O)3
(DMF)]?(H2O)2?(C2H7N)}n (3). Consistent with our assumption,
the distinct topological structures and corresponding lumi-




Compounds 1–3 were prepared under solvothermal conditions
by heating a mixture of Eu(NO3)3?6H2O, and H6L1 or H6L2 at a
molar ratio of 4 : 1 at 120 uC for several days. All compounds
were obtained as colorless blocks, and their crystal data are
listed in Table 1. In the IR spectra of compounds 1–3, the
broad peaks near ca. 3400 cm21 indicate the presence of water
molecules. The IR spectra also show characteristic absorption
bands mainly attributed to the asymmetric (nas: ca. 1600 cm
21)
and symmetric (ns: ca. 1385 cm
21) stretching vibrations of the
carboxylate groups. No band in the region 1690–1730 cm21
indicates complete deprotonation of the carboxylate groups,17
and is consistent with the result of the X-ray diffraction
analysis.
Crystal structure of 1
Single-crystal X-ray study of 1 exhibits a 2D coordination
polymer constructed by the connection of dinuclear Eu3+-
containing units and hexa-carboxylate ligands. The complex 1
crystallizes in the triclinic space group P1̄, and the asymmetric
unit contains two complete Eu3+ ions, one independent hexa-
carboxylate ligand, four coordinated aqua molecules and
solvent molecules as water and (CH3)2NH in situ generated
from DMF molecules during the solvothermal process
(Fig. 1).4e,f Each Eu3+ center binds to nine oxygen atoms, six
from five different carboxylate groups of three distinct hexa-
carboxylate ligands and two from the coordinated water
molecules. The longest Eu1–O13 and Eu2–O4 bond lengths
Scheme 1 Two hexa-carboxylate ligands used in this text showing the different
flexibility.
Table 1 Crystal data of 1–3
Compound 1 Compound 2 Compound 3
Chemical formula C46H54Eu2N5O26P3 C44H51Eu2N4O28P3 C47H38Eu2N5O24P3
Formula mass 1489.79 1480.56 1453.65
Crystal system Triclinic Orthorhombic Triclinic
a/Å 12.2391(9) 34.882(4) 9.2371(3)
b/Å 16.2140(9) 12.059(2) 9.8604(3)
c/Å 18.1327(10) 15.391(3) 30.4599(10)
a/u 106.807(5) 90.00 96.869(3)
b/u 103.456(6) 90.00 92.323(2)
c/u 105.134(6) 90.00 92.071(2)
V/Å3 3134.8(3) 6474.0(18) 2749.81(15)
Temperature/K 293(2) 293(2) 293(2)
Space group P1̄ Pban P1̄
Z 2 4 2
No. (ref) 42 682 22 379 27 254
Rint 0.1132 0.1573 0.0481
R1 (I . 2s(I)) 0.0769 0.0752 0.0594
wR(F2) (I . 2s(I)) 0.1950 0.1593 0.1270
R1 (all data) 0.1184 0.1480 0.0737
wR(F2) (all data) 0.2274 0.1892 0.1343













































of 2.828(2) and 2.747(1) Å are very similar to the literature
values exhibiting tridentate chelating–bridging carboxylate
coordination, and the other ones range from 2.397(1) to
2.525(1) Å, corresponding to typical values in Eu(III)–carbox-
ylate complexes.18 Thus, the coordination polyhedron around
the central Eu3+ can be visualized as a distorted bicapped
trigonal prism coordination environment formed by one
chelating carboxyl, two syn–syn m2 ones, two m2-g
2:g1 tridentate
ones and two water molecules. The centrosymmetric dinuclear
Eu2(RCOO)6(H2O)4 secondary building units with a Eu1…Eu1/
Eu2…Eu2 distance of 4.14 Å/4.07 Å are assembled by
connection of the bridged carboxyls (Fig. 2a), which are
further extended by four independent hexa-carboxylate
ligands.
In the crystal structure of 1, the central P3N3 ring is nearly
planar, and the average P–N distance is 1.58 Å, while the
average N–P–N and P–N–P angles are 116.4 and 123.0u, very
similar to those of previously reported P3N3 derivatives.15,19
Three of the six 4-carboxylato-phenoxy substituents on three
phosphorus centers are on one side of the central ring while
the other three are located on the other side. Thus one fully de-
protonated L1 ligand connects four dinuclear-Eu units in the
ac plane to form an infinite 2D crystal structure, with the range
of distorted Ccarboxyl–Osubstituted–Pcentral angles from 119.2 to
129.6u. Calculated using the PLATON routine, the solvent-
accessible volume in the dehydrated structure of 1 is about
35.2%. Considering both of the dinuclear-Eu units and hexa-
carboxylate ligand as four-connecting nodes, the overall
structure of 1 topologically possesses a typical uninodal 4,4-
connected sql net with the point (Schläfli) symbol {44?62}
calculated using TOPOS software (Fig. 3).20
Crystal structure of 2
In contrast, a minor change of the synthesis conditions
brought about a distinct 2D coordination motif constructed by
the connection of mononuclear Eu3+ ions and hexa-carboxylate
ligands after the analysis of the X-ray data of 2 (Fig. S1, ESI3).
Complex 2 crystallizes in the orthorhombic space group Pban,
and the asymmetric unit contains one complete Eu3+ ion, one
half of the hexa-carboxylate ligand, four coordinated aqua
molecules and solvent molecules as water and (CH3)2NH in
situ generated from DMF molecules during the solvothermal
process (Fig. 4). Each Eu3+ center binds to nine oxygen atoms,
five from three different carboxylate groups of three distinct
hexa-carboxylate ligands and four from the coordinated water
molecule. The Eu–O(carboxylate) bond distances vary from
2.366(5) to 2.838(6) Å, and the Eu–O(water) bond distances fall
in the range of 2.410(5) and 2.441(3) Å, similar to the previous
ones. The polyhedron of the Eu(III) coordination sphere for 2 is
best described as a distorted monocapped square antiprism
(Fig. 4b).
Fig. 1 ORTEP drawing (30% probability) of the asymmetric unit of 1 along with
the atom numbering scheme. H atoms were omitted for clarity.
Fig. 2 The connection mode of the di-nuclear Eu unit (a) and hexa-carboxylate
ligand (b) of 1. Asymmetry code for a: A, 2x 2 2, 2y, 2z 2 1; B, x 2 1, y, z; C, 2x
2 1, 2y, 2z 2 1; for b: A, 2x 2 2, 2y, 2z 2 1; B, 2x 2 1, 2y, 2z 2 1; C, x + 1, y,
z; D, 2x + 2, 2y + 1, 2z + 1; E, 2x 2 1, 2y + 1, 2z + 1; F, x 2 1, y, z.
Fig. 3 The 4,4-connected 2D layer sql structure of 1 along with the simplified
structure.













































In the crystal structure of 2, the central P3N3 ring is nearly
planar, and the average P–N distance is 1.58 Å, while the
average N–P–N and P–N–P angles are 117.2 and 122.5u, very
similar to those of previously reported P3N3 derivatives.12,15
Three of the six 4-carboxylato-phenoxy substituents on three
phosphorus centers are on one side of the central ring while
the other three are located on the other side. Thus one fully de-
protonated L1 ligand connects six Eu ions in the ac plane to
form an infinite 2D crystal structure, with the range of
distorted Ccarboxyl–Osubstituted–Pcentral angles from 121.2 to
127.0u (Fig. 5 and Fig. 6). Calculated using the PLATON
routine, the solvent-accessible volume in the dehydrated
structure of 2 is about 29.5%. Considering the mononuclear-
Eu units and hexa-carboxylate ligand as three- and six-
connecting nodes, the overall structure of 2 topologically
possesses a typical binodal 3,6-connected kgd net with the
point (Schläfli) symbol {43}2{4
6?66?83} calculated using TOPOS
software (Fig. 6).20 The distinct topological structure of 2
compared to 1 might be ascribed to the minor change of the
synthesis conditions, which affected the whole coordination
environment of the Eu ions during the crystallization process.
Ultimately, the flexible hexa-carboxylate ligand must adopt the
proper conformation and connection mode to create the final
coordination structure as 2. The formation of the distinct
structures of 1 and 2 properly manifests the variable
configuration and coordination mode of the hexa-carboxylate
ligand.
Crystal structure of 3
Single-crystal X-ray study of 3 exhibits a 1D linear coordination
polymer constructed by the connection of dinuclear Eu3+-
containing units and hexa-carboxylate ligands. Complex 3 also
crystallizes in the triclinic space group P1̄, and the asymmetric
unit contains two complete Eu3+ ions, one independent hexa-
carboxylate ligand, coordinated molecules as three water
molecules and one DMF molecule and solvent molecules as
water and (CH3)2NH in situ generated from DMF molecules
during the solvothermal process (Fig. 7). Each Eu3+ center
binds to nine oxygen atoms, seven from five different
Fig. 4 View of the asymmetry unit of 2 with the atom numbering (a) and the
distorted monocapped square antiprism coordination of the Eu(III) atom in 2 (b)
with the asymmetric code: A, 2x + 1/2, 2y + 1/2, z; B, 2x, y 2 1/2, z. H atoms
were omitted for clarity.
Fig. 5 The connection mode of the di-nuclear unit (a) and hexa-carboxylate
ligand (b) of 2. Asymmetry code for a: A, 2x + 1/2, 2y + 3/2, z; B, 2x + 1/2, 2y +
1/2, z; C, 2x, y 2 1/2, z; for b: A, 2x + 1/2, 2y + 3/2, z; B, 2x, y + 1/2, z; C, x, y +
1, z; D, 2x + 1/2, 2y + 1/2, z; E, x + 1/2, 2y + 1, z.
Fig. 6 The 3,6-connected 2D layer kgd structure of 2 along with the simplified
structure.













































carboxylate groups of two distinct hexa-carboxylate ligands
and two from the coordinated water molecules. The Eu–
O(carboxylate) bond distances vary from 2.353(4) to 2.676(4) Å,
corresponding to the typical values in Eu(III)–carboxylate
complexes. Thus, the coordination polyhedron around the
central Eu3+ can be visualized as a distorted monocapped
square antiprism formed by one chelating carboxyl, two syn–
syn m2 ones, two m2-g
2:g1 tridentate ones and two water
molecules for Eu2 and two DMF molecules for Eu1. The
centrosymmetric dinuclear Eu2(RCOO)6(X)4 (X = H2O or DMF)
secondary building units with the Eu1…Eu1/Eu2…Eu2 dis-
tance of 3.97 Å/4.09 Å are assembled by connection of the
bridged carboxyls, which are further extended by two
independent hexa-carboxylate ligands (Fig. 8).
In the crystal structure of 3, the central P3N3 ring is nearly
planar, and the average P–N distance is 1.58 Å, while the
average N–P–N and P–N–P angles are 117.8 and 121.5u, very
similar to those of previously reported P3N3 derivatives.12,15
Three of the six 3-carboxylato-phenoxy substituents on three
phosphorus centers are on one side of the central ring while
the other three are located on the other side. Thus one fully de-
protonated L2 ligand connects four Eu ions along the c axis to
form an infinite 1D linear crystal structure, with the range of
distorted Ccarboxyl–Osubstituted–Pcentral angles from 101.7 to
137.6u (Fig. 9). The relatively large span of the distorted angles
is consistent with our assumption described above. Compared
to the connection modes of L1 in 1 and 2, the 3-substituted
carboxylate arms on one side of the central ring are inclined to
chelate the same metallic node, which decreases the connec-
tion numbers and forbids further extension of the whole
structure. As a result, a lower dimensional coordination
structure was presented in 3 as the 1D chain structure.
Structural comparison of 1–3
Consistent with our assumption, the different flexibilities of
the two hexa-carboxylate ligands must be responsible for the
assembly of the distinct structures. Due to the connection
positions of carboxyls and steric hindrance of the six
substituted arms, L1 exhibits an extended configuration and
is capable of connecting the maximum metallic nodes to form
the 2D topologies. Compared to the extended feature of L1, L2
shows the larger bending angles and tends to chelate fewer
metallic nodes to result in a lower-dimensional framework.
Thermal stability of 1–3
The thermogravimetric (TG) analysis was performed in N2
atmosphere on fresh polycrystalline samples of 1–3 and the TG
curves are shown in Fig. S2, ESI.3 The TG curve of 1 shows the
first weight loss of 13% in the temperature range of 25–200 uC,
which indicates the loss of lattice molecules per formula unit
and coordinated water molecules. Then the metal–organic
framework remains until 430 uC, and then starts to decompose
accompanying the loss of organic ligands. For 2, the weight
loss attributed to the gradual release of lattice solvent and
coordinated water molecules per formula unit is observed in
the range of 25–200 uC (obsd: 13.88% and calcd: 15.19%), then
the framework is retained in the temperature range of 200–425
uC, and then decomposes. A similar thermal stability of 3
compared to 1 and 2 had been observed. The high thermo-
stability of these three lanthanide-based CPs might be
ascribed to the natural thermally-stable hexa-carboxylate
ligands and the high connectivity of the lanthanide ions,
which was in accordance with our aforementioned considera-
tions.
Luminescent properties of 1–3
Taking into account the excellent luminescent property of the
Eu(III) ion, the photoluminescence of complexes 1–3 in the
solid state were investigated at room temperature. The
europium complexes of 1–3 show intense red luminescence
and exhibit the typical f–f transition of the Eu(III) ion upon
Fig. 7 View of the asymmetry unit of 3 with the atom numbering. H atoms were
omitted for clarity.
Fig. 8 The connection mode of the di-nuclear unit (a) and hexa-carboxylate
ligand (b) of 3. Asymmetry code for a: A, 2x, 2y, 2z; for b: A, 2x, 2y + 1, 2z + 1;
B, 2x, 2y, 2z.
Fig. 9 The 1D linear structure of 3 along the b axis.













































excitation around 350 nm as illustrated in Fig. 10.18,21 For 1,
the strong emission peak at 613 nm is assigned to the electric
dipolar 5D0 A 7F2 transition, while the medium intensity
emission one at 592 nm is ascribed to magnetic dipolar
5D0 A 7F1. Other weak ones at 652 nm and 702 nm can be
separately attributed to the 5D0 A 7F3 and 5D0 A 7F4 transi-
tions. Among these f–f transitions, the strongest electric dipole
transition, the 5D0 A 7F2 transition, is extremely sensitive to
chemical bonds in the vicinity of the Eu(III) ion, which is the
main transition leading to bright red luminescence.
Furthermore, the intensity of the 5D0 A 7F2 transition could
be increased along with a decrease of the site symmetry of
Eu(III). In contrast, the intensity of the magnetic dipole
transition, the 5D0 A 7F1 transition, which normally varies
with the crystal field strength around the Eu(III) ion, is
relatively weaker than that for 5D0 A 7F2. The intensity ratio of
5D0 A 7F2/5D0 A 7F1 is equal to 5, suggesting that the Eu(III)
ion in 1 adopts a non-centrosymmetric coordination environ-
ment without an inversion center, as observed in the single
crystal structure. The luminescence spectrum of 2 is very
similar to 1, except for the weak broad band ranging from 450
to 550 nm with the maximum peak at 498 nm, which may be
caused by intraligand transitions. The intensity of this ligand-
related emission peak in 2 is much stronger than in 1,
indicating that the energy transition from the carboxylate
ligands to the Eu3+ ions is less effective than that in 1.21 In
contrast, a different stronger broad band ranging from 350 nm
to 450 nm in 3, ascribed to the intraligand transitions, is
exhibited.
The excitation spectra of compounds 1–3 also show typical
4f–4f transitions, as shown in Fig. 10, indicating the absence
of ‘‘the antenna effect’’ of these hexa-carboxylate ligands.22
The mere 4f–4f transitions seen in the excitation spectra show
that the carboxylate linker could not absorb the excitation light
and subsequently transfer to the lanthanide ions to enhance
the lanthanide emission. The reason for the absence of
antenna properties of these carboxylate linkers may probably
be ascribed to the high energy of the triplet level, which caused
inefficient energy transfer to the emissive states of the
lanthanide ions. The triplet level of the hexa-carboxylate
linkers could not be determined ourselves due to the lack of
being able to measure the low-temperature emission spectra.
However, quoted the value of the triplet energy of benzoic acid
in the literature 25 641 cm21,23 the large energy gap between
the emissive levels of Eu(III) and the triplet level of the hexa-
carboxylate ligand was exhibited, forbidding the non-radiative
relaxation pathways to direct the energy transfer to the Ln(III)
ion. As a result, the luminescent spectra shown by 1 and 2
could be obtained by exciting the lanthanide ion directly in its
2S+1LJ electronic energy levels, considering that these are at
high enough energy to allow the typical lanthanide emission to
occur.22,24 But for 3, the excitation spectra tend to converge
into one peak compared with 1 and 2, likely indicating the
stronger antenna effect of L2 compared to L1 in 1 and 2 caused
by the chelated coordination mode. In addition, the decay
times of 1–3 had been measured and fitted, giving values of
0.48, 0.51 and 0.56 ms, comparable with those of other
lanthanide complexes or CPs.22
Conclusion
In conclusion, three novel lanthanide-based CPs have been
successfully synthesized and structurally characterized. The
distinct topological architectures modeled by flexible hexa-
carboxylate ligands could be assembled through a minor
change of the reaction conditions. Compounds 1 and 2 have a
2D layer crystal structure with a distinct topological network
incorporating the extended hexa-carboxylate ligand L1; in
contrast, 3 has a 1D crystal structure with the highly distorted
hexa-carboxylate ligand L2. However, a relatively detailed
luminescence study showed that these hexa-carboxylate
linkers are not really a very good sensitizer of lanthanide
luminescence. Therefore, future investigations of our group
will still concentrate on the design of highly-connected ligands
which could act as a sensitizer for lanthanide luminescence,
together with the pursuance of variable topological lantha-
nide-based structures with other excellent properties.
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